Abstract. In a previous paper, we pointed out that the gamma-ray source 3FGL J2212.5+0703
Introduction
A wide range of strategies are being employed in an effort to observe dark matter's nongravitational interactions. These include experiments designed to detect the elastic scattering of dark matter with nuclei, searches for the annihilation or decay products of dark matter, and efforts to produce dark matter in accelerators. These approaches are in many cases complementary, being sensitive to different classes of dark matter candidates, and subject to different underlying limitations and uncertainties.
Among the dark matter searches that employ gamma-ray telescopes, many different observational targets have been pursued. Among the most promising are the Galactic Center and dwarf spheroidal galaxies. While the Galactic Center is predicted to be the single brightest source of dark matter annihilation products, the astrophysical gamma-ray backgrounds from this direction of the sky are significant, and not necessarily well understood. In contrast, while the backgrounds from dwarf galaxies are expected to be quite low, the signal from annihilating dark matter in these systems is also predicted to be very faint -orders of magnitude below that from the Galactic Center.
The strengths and weaknesses of these approaches are well illustrated by the current status of the GeV gamma-ray excess observed from the region surrounding the Galactic Center [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Despite the fact that this excess has been detected at high statistical significance, and has been shown to exhibit a spectrum and morphology that is in good agreement with the predictions of annihilating dark matter [2, 3] , it has been difficult to rule out other explanations for this signal, such as a large population of unresolved gamma-ray sources [11] [12] [13] [14] [15] or a series of cosmic ray outbursts [16] [17] [18] . Constraints from dwarf spheroidal galaxies [19, 20] have not been able to confirm or rule out a dark matter interpretation of this signal, and the only published gamma-ray excess from any dwarf galaxy is that from the newly discovered Reticulum II [21, 22] , with a modest statistical significance of 2.4-3.2σ [19, 23, 24] . Without significantly more data, or the discovery of other nearby dwarf galaxies [25] , these strategies do not appear likely to resolve this situation in the near future.
In this paper, we consider nearby dark matter subhalos as an alternative class of targets for gamma-ray telescopes. Within the standard paradigm of cold, collisionless dark matter, the dark matter halos that host galaxies are predicted to contain very large numbers of smaller subhalos. Although the largest members of this subhalo population may host dwarf galaxies, a much larger number of subhalos are not massive enough to retain gas or form stars, and are thus effectively invisible at most wavelengths. It has been appreciated for some time, however, that nearby subhalos could be an attractive target for indirect dark matter searches using gamma-ray telescopes [26] [27] [28] [29] [30] [31] [32] . For dark matter particles with an annihilation cross section near the current upper limits, Fermi would be expected to detect several such objects as high significance gamma-ray sources [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] .
In a recent study [33] , we examined the Third Fermi Gamma-Ray Source Catalog (the 3FGL) [43] in an effort to identify dark matter subhalo candidates, and to use the population of such sources to constrain the dark matter annihilation cross section. In that study, we identified 24 high latitude (|b| > 20 • ), unassociated gamma-ray sources that are very bright (F γ > 7 × 10 −10 cm −2 s −1 ), show no evidence of variability, and that exhibit a spectral shape compatible with annihilating dark matter. While encouraging, these features alone are not particularly uncommon, and many of these sources are likely to be astrophysical objects, such as gamma-ray pulsars. Of these 24 subhalo candidates, however, the source 3FGL J2212.5+0703 stands out as particularly interesting. Unlike the other sources under consideration, the distribution of photons associated with 3FGL J2212.5+0703 does not appear to be consistent with a point source, but instead favors a spatially extended origin, with an angular radius of ∼0.2 • [33] . If this were to be unambiguously confirmed, it would allow us to rule out all plausible astrophysical interpretations. The robust detection of an extended gamma-ray source without observable counterparts at other wavelengths would constitute a "smoking gun" for annihilating dark matter.
In this study, we revisit the gamma-ray source 3FGL J2212.5+0703, attempting to more precisely characterize its spatial morphology and to test the evidence in favor of its spatial extension. We confirm that the emission attributed to this source does not appear to originate from a single point source, but instead favors a spatially extended profile with high statistical significance. We acknowledge, however, that the appearance of spatial extension could potentially arise from a group of two or more bright gamma-ray sources that happen to lie within a fraction of a degree of each other on the sky. We estimate that there is an approximately two percent probability that such a source pair exists, and find that the Fermi data cannot presently exclude this possibility.
2 Why Spatial Extension would be a "Smoking Gun" for Annihilating Dark Matter
In the introduction of this paper, we asserted that a robust detection of an extended gammaray source without observable counterparts at other wavelengths would constitute a "smoking gun" for annihilating dark matter. We recognize, however, that this conclusion might strike some readers as controversial. In this section, we discuss this issue further, and argue that any spatially extended gamma-ray source must also produce easily observable emission at other wavelengths.
In order for an astrophysical object or system to be spatially extended at a level detectable by Fermi, it must be of a physical size of at least ∼ tan 0.1 • × d ∼ 4 × 10 4 AU × (d/100 pc), where d is the distance to the source. Such a source can clearly not be a pulsar or any other variety of compact object. Instead, spatially extended astrophysical gamma-ray sources generate their gamma-ray emission through the interactions of cosmic ray electrons and/or protons with a surrounding diffuse target of gas or radiation, via pion production, inverse Compton scattering, and/or Bremsstrahlung. In addition to any gamma-rays, such cosmic rays will also invariably generate radio emission via synchrotron. Furthermore, the heating of the diffuse material by the associated shock waves will generate radiation at a combination of X-ray, ultraviolet, visible and/or infrared wavelengths. And in contrast to compact objects, the multi-wavelength emission generated in diffuse environments is not readily absorbed or significantly beamed, making the detectability of these accompanying signals all but inevitable. It is for these reasons that an unambiguously extended gamma-ray source, without counterparts at other wavelengths, would constitute a "smoking gun" for annihilating dark matter.
Moving from theoretical to empirical arguments, we point out that bright multi-wavelength emission has been detected from every extended gamma-ray source observed by Fermi (excluding 3FGL J2212.5+0703). The astrophysical objects known to produce spatially extended gamma-ray emission include pulsar wind nebulae (PWN), supernova remnants (SNR), molecular clouds, galaxy clusters, and nearby galaxies. More specifically, the Fermi Collaboration has reported spatial extension from 25 3FGL sources [43] (see Table 1 ), 21 of which are associated with known SNR or PWN. 1 The other four of these sources are the star-forming region (SFR) Cygnus X, the lobes of the radio galaxy Centaurus A, and the satellite galaxies known as the Large and Small Magellanic Clouds (LMC, SMC). All but three of these sources are located near the Galactic Plane (|b| < 10 • ); only the LMC, SMC and Centaurus A are located at higher latitudes. We also point out that all 25 of these sources are quite bright in gamma-rays, as is necessary for any source from which Fermi could detect spatial extension.
For the purposes of this study, the most important feature of this collection of sources is that they are all very bright and easily detectable at other wavelengths. For example, each of the SNRs listed in Table 1 emits very bright radio emission, with flux densities (at 1 GHz) in the range of 30 to 320 Jy [47] . 2 Similarly, each of the PWN in this list have been detected by ground-based telescopes at TeV-scale energies, as have most of the SNR, as well as the Cygnus X Cocoon [43] . The LMC and SMC have each been detected in X-ray, ultra-violet, visible, infrared, and radio wavelengths. Furthermore, all 25 of these sources have been detected at X-ray wavelengths [44, 45, [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . If 3FGL J2212.5+0703 is, in fact, spatially extended, its lack of bright multi-wavelength counterparts makes it very unlike any of the previously detected extended gamma-ray sources. 1 The source 3FGL J1615.3-5146e is spatially coincident with a massive star cluster, which itself contains several possible gamma-ray sources, including SNRs detected at X-ray wavelengths (by both Suzaku and XMM-Newton) [44, 45] . Although five pulsars have also been detected within this system, none appear to be luminous enough to power a PWN capable of producing the observed gamma-ray emission [46] . Despite the unclear origin of the gamma-ray emission from this source, it is very bright in radio, X-ray, and other wavelengths.
2 A Jansky (Jy) is a unit of radio flux density, equivalent to 10 −26 watts per square meter, per hertz. Table 1 . The 25 gamma-ray sources identified as being spatially extended in the 3FGL catalog [43] . These sources are each observed to produce bright emission at a combination of radio, X-ray, TeVscale, and other wavelengths.
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Dark Matter Subhalo Candidates
In early 2015, the Fermi Collaboration released its Third Gamma-Ray Source Catalog, the 3FGL [43] . This catalog contains an impressive 3033 sources, of which 992 had not been associated with emission observed at other wavelengths. It is all but certain that the overwhelming majority of these 992 unassociated sources are not dark matter subhalos, but are instead a collection of more conventional astrophysical objects, such as radio-faint pulsars or distant active galactic nuclei (AGN). 3 In contrast to the roughly isotropic distribution predicted for detectable dark matter subhalos, most galactic gamma-ray sources (including most pulsars and supernova remnants) are distributed preferentially around the Galactic Plane. For this reason, we limit our subhalo search to those 380 unassociated sources in the 3FGL that are located at high galactic latitudes, |b| > 20 • . Furthermore, as it is very difficult to detect spatial extension from any but the brightest gamma-ray sources [58] , we limit our Table 2 . The gamma-ray flux (above 1 GeV), galactic longitude, and galactic latitude of the 17 sources classified as unassociated in the 3FGL with a flux above 10 −9 cm −2 s −1 and located at |b| > 20
• . In the rightmost column, we make note of the five sources that have been recently associated with emission at other wavelengths, or had gamma-ray pulsations identified. Also listed are the range of dark matter masses found to provide a good fit to the measured gamma-ray spectrum of each source (for the representative case of annihilations to bb). For sources with no entry in this column, no value of the dark matter mass was found to provide a good fit. study to those with a gamma-ray flux greater than F γ > 10 −9 cm −2 s −1 (integrated above 1 GeV). We also remove the source 3FGL J0536.4-3347 from our list of dark matter subhalo candidates, as it is flagged in the 3FGL as residing "on top of an interstellar gas clump or small-scale defect in the model of diffuse emission." The 3FGL contains 17 unassociated sources that meet these requirements Over the past year or so, evidence has been presented in favor of astrophysical interpretations for five of these sources. In particular, a millisecond pulsar (MSP) was recently detected with the Parkes radio telescope in the direction of 3FGL J1946.4-5403 [59] . Similarly, emission at optical and X-ray wavelengths in association with 3FGL J1544.6-1125 was recently reported, suggesting a likely classification for this source as a MSP binary [60] . Additionally, the authors of Ref. [61] have associated 3FGL J2103.7-1113 with a radio source, interpreting it as a likely AGN, and Ref. [62] has reported the detection of X-ray emission from the directions of 3FGL J1120.6+0713 and 3FGL J2103.7-1113, providing support for AGN origins. And lastly, gamma-ray pulsations were recently detected from 3FGL J1744.1-7619 [59] . In light of this new information, we exclude these five sources from our primary list of dark matter subhalo candidates, focusing our attention on the remaining 12 sources. 4 Notably, despite being the target of multiple observations by the Arecibo telescope, 3FGL J2212.5+0703 has not yielded any detectable radio pulsations [63] .
In Table 2 , we list the gamma-ray flux, galactic longitude, and galactic latitude for each of the 12 unassociated gamma-ray sources passing the aforementioned latitude and flux requirements, as well as for the five recently associated sources described in the previous paragraph. For each source that is well-fit (2∆ ln L < 1.3 per degree-of-freedom) by annihilating dark matter for some choice of the mass, we also provide in this table the range of dark matter masses that lie within 2∆ ln L < 4 of the best-fit value (for the representative case of annihilations to bb). For sources with no entry in this column, no value of the dark matter mass was found to provide a good fit. After excluding those sources with recent associations, we find that nine of these candidates sources are well fit by some range of dark matter masses, approximately eight of which prefer values near the range favored by the Galactic Center gamma-ray excess [2, 3] .
To study the spectrum and morphology of this selection of 3FGL sources, we make use of approximately 7 years of Fermi-LAT data, 5 utilizing Pass 8 photons in the energy range of 0.1 to 100 GeV. We have applied standard analysis cuts, excluding events arriving at a zenith angle greater than 90 • , as well as any event that does not pass "Source" photon selection criteria. We additionally exclude events recorded while the instrument was not in science survey mode, when the instrumental rocking angle was >52 • , or when the instrument was passing through the South Atlantic Anomaly. For each source, we consider photons observed within a 14 • ×14 • box centered at the source's location and divide these photons into 280×280 angular bins and 15 evenly spaced logarithmic energy bins. To maximize our sensitivity to extended source emission profiles, we utilize the Pass 8 photon point spread function (PSF) event classes and analyze events in each PSF class independently. We utilize the P8R2 SOURCE V6 instrumental response functions, employing the latest model for diffuse Galactic gamma-ray emission (gll iem v06.fits), the latest isotropic emission for the Source photon data selection (iso P8R2 SOURCE V6 PSF0 v06.txt) and include all 3FGL sources which lie within 10 • of our region of interest, utilizing default Fermi-LAT prescriptions to determine which sources are given freedom to float in our fits to the gamma-ray data. We fit our model to the Fermi-LAT data independently in each energy bin, and do not impose any parameterization on a source's spectral shape. To calculate the best-fit flux from each source in a given energy bin, we use the Fermi-LAT pyLikelihood code, utilizing the MINUIT algorithm. For each subhalo candidate, we additionally compute the full likelihood profile in each energy bin and for each PSF class, in order to accurately determine the source spectrum.
For each subhalo candidate source, we test for spatial extension by replacing the pointsource template with an extended template, varying the width as a free parameter. For the profile of the extension, we adopt a distribution corresponding to a Navarro-Frenk-White (NFW) dark matter profile, truncated by the effects of tidal stripping such that only the innermost 0.5% of the subhalo's mass remains intact [34, 64] . We calculate the angular and energy distribution of photons as follows:
where m χ is the mass of the dark matter particle, σv is the annihilation cross section, and dN γ /dE γ is the gamma-ray spectrum produced per annihilation, which we calculate using PYTHIA 8 [65] . The integral of the density squared is performed over the line-of-sight, d is the distance to the center of the subhalo, θ is the angle to the center of the subhalo, and Figure 1 . The change to the log-likelihood as a function of (spherically symmetric) spatial extension, for the 12 subhalo candidate sources considered in our study. The source 3FGL J2212.5+0703 shows significant evidence of spatial extension.
The NFW density profile itself (prior to tidal truncation) is given by [66, 67] :
To determine the subhalo's scale radius, R s , we adopt the mass-concentration relationship described in Ref. [68] . We define the width by the parameter σ, which is the angular radius that contains 68% of the photons from the source.
In Fig. 1 , we plot the change to the log-likelihood, for each subhalo candidate source when the point-like template is replaced with that of an extended source. Of these 12 highlatitude (|b| > 20 • ), bright (F γ > 10 −9 cm −2 s −1 ), unassociated sources, the most significant evidence for extension is from 3FGL J2212.5+0703, for which 2 ln L increases by 21.4 when the point-like template is replaced by a spherically symmetric, tidally stripped NFW profile Source Name (3FGL) Table 3 . The results of our test for spatial extension for the 12 bright (F γ > 10 −9 cm −2 s −1 ) and high-latitude (|b| > 20
• ) dark matter subhalo candidates. For 3FGL J2212.5+0703, we find significant evidence in favor of spatial extension. For the next six sources listed, the fit modestly prefers a spatially extended distribution (at a level of 2∆ ln L > 1.0). For these seven sources, we provide the best-fit value for their extension parameter, σ. The other five sources show no significant preference for any spatial extension. For each source, we provide the 2σ upper limit on the degree of spatial extension (corresponding to the value of σ for which 2 ln L point − 2 ln L ext = 4).
with a width of σ = 0.25 • . In Table 3 , we present the results of our test for spatial extension for these 12 dark matter subhalo candidates. For the seven sources that prefer an extended profile (at a level of 2∆ ln L > 1.0), we provide the best-fit value for their extension parameter, σ. For each of these 12 sources, we provide the 2σ upper limit on the degree of spatial extension (corresponding to the value of σ for which 2 ln L point − 2 ln L ext = 4).
To further investigate the morphology of 3FGL J2212.5+0703, we show in the left frame of Fig. 2 a map of the gamma-ray residuals in the region surrounding this source. This map represents the total photon counts (above 1 GeV), after subtracting the best-fit background model (including the galactic diffuse, isotropic, and nearby point-source models). The maps has been smoothed with a Gaussian function with a smoothing length of 0.15 • . This can be compared directly to the map shown in the right frame of this figure, which is of the point-like source 3FGL J2134.1-0152, a known blazar. The spatial extension of 3FGL J2212.5+0703 can be seen by eye when the residual maps of these two sources are compared.
Thus far, we have adopted spherically symmetric templates for the emission from 3FGL J2212.5+0703 and the other dark matter subhalo candidates. In contrast, numerical simulations find that dark matter subhalos are predominantly triaxial [69, 70] . To explore this possibility, we replaced the spherical truncated NFW template with one stretched along one axis, allowing the extension, axis ratio, and orientation to float freely. The best fit was found for a profile with an axis ratio of ∼3.4 and a major axis that is oriented approximately 43 • counterclockwise from the vertical (in the coordinates shown in Fig. 2 ). This choice of profile improves upon the spherically symmetric template at the level of 2∆ ln L=11.0, while adding two additional degrees-of-freedom. This elliptically extended profile is preferred over that of a single point source by 2∆ ln L=32.4, which (for three additional degrees-of-freedom) corresponds to a statistical significance of 5.1σ. • Gaussian. Whereas the source in the left frame shows significant evidence of spatial extension, the source in the right frame is consistent with point-like emission.
Systematic Uncertainties: Assessing the Robustness of 3FGL J2212.5+0703's Spatial Extension
In this section, we will describe tests that we have performed in order to establish the probability that the spatial extension observed from 3FGL J2212.5+0703 is authentic, as opposed to being the result of problems with the diffuse emission model or confusion between multiple nearby gamma-ray sources.
Using Associated 3FGL Sources as a Control Group
In addition to the unassociated sources discussed in the previous section, the 3FGL catalog contains many sources that have been associated with emission observed at other wavelengths. These sources, which are very unlikely to be dark matter subhalos, provide us with an opportunity to test our procedure for identifying spatial extension. In order to make a fair "apples-to-apples" comparison, we consider only those associated 3FGL sources that are located at high latitude (|b| > 20 • ) and that emit a gamma-ray flux in the same range as our 12 subhalo candidates (10 −9 cm −2 s −1 < F γ < 4.24 × 10 −9 cm −2 s −1 ). Of the 251 sources that meet these criteria, 228 are associated with AGN, 16 with pulsars, six with galaxies, and one with a globular cluster. Following the approach described in the previous section, we have tested each of these 251 sources for evidence of (spherically symmetric) spatial extension. While we found that none of these 251 sources exhibit as much evidence for extension as 3FGL J2212.5+0703, the flat-spectrum radio quasar 3FGL J1310.6+3222 does prefer extension at a slightly lower level, 2∆ ln L 19.4 (compared to 21.4 for 3FGL J2212.5+0703). Including this source, we found that five of these 251 sources prefer extension at the level of 2∆ ln L > 10. In Fig. 3 , we present these results for a small sub-sample of these 251 sources. In the upper six frames Figure 3 . The change to the log-likelihood as a function of (spherically symmetric) spatial extension, for a sample of bright, high latitude 3FGL sources that have been associated with emission observed at other wavelengths. In the upper six frames we show results for typical sources, which appear point-like, while the lower six frames describe those sources that exhibit the greatest evidence of extension.
we show typical sources, which appear point-like, while the lower six frames depict those sources that exhibit the greatest evidence of extension. Although this exercise demonstrates that false evidence in favor of spatial extension is somewhat rare, seemingly extended sources are about ten times more common than anticipated from statistical fluctuations alone. This rate, however, is entirely consistent with the number of high-latitude 3FGL sources that are expected to be located within ∼ 0.1 • -0.3 • of another 3FGL source. For such a pair of sources, discrimination is expected to be difficult, allowing them to potentially appear as a single extended source. In the following subsection, we estimate the probablity that the emission attributed to 3FGL J2212.5+0703 could instead be from pair of nearby gamma-ray point sources.
Assessing the Probability of Nearby Source Confusion
If two or more unassociated gamma-ray point sources were located very close to each other on the sky, they could be misinterpreted as a single source, possibly with an apparent degree of spatial extension. In this subsection, we estimate the probability of such a signal arising and assess this possibility within the context of 3FGL J2212.5+0703.
Considering a collection of N gamma-ray sources, distributed randomly across the |b| > 20 • sky, the probability that any two will lie within an angle, α, of each other is given by:
If we include all of Fermi's unassociated high-latitude sources (N = 380), this calculation yields a significant probability (∼33%) that a pair of these sources will fall within 0.2 • of each other. But 3FGL J2212.5+0703 is a very bright source, and most overlapping source pairs will not produce such a large flux. When we require that the combined flux of the two sources be greater than that of 3FGL J2212.5+0703 (F 1 + F 2 ≥ 1.24 × 10 −9 cm −2 s −1 ) and that neither source is much fainter than the other (F 1,2 ≥ 0.2F 2,1 ), we obtain the following result:
We thus conclude that there is a small (∼ 2%), but not entirely negligible, probability that two such sources would reside close enough to each other to potentially be confused with a single bright extended source.
Nearby Radio Sources
If 3FGL J2212.5+0703 is actually a superposition of two nearby unassociated point-like gamma-ray sources, it is possible that one or both of these sources could be found within existing multi-wavelength catalogs. With this in mind, we have consulted the following:
• The Roma-BZCAT Multi-Frequency Catalog of Blazars (BZCAT) [71] • The Combined Radio All-Sky Targeted Eight-GHz Survey (CRATES) catalog [72] • The Candidate Gamma-Ray Blazar Survey (CGRaBS) catalog [73] • The Australia Telescope National Facility (ATNF) pulsar catalog [74] .
Within these four catalogs, two sources were found within 1 • of 3FGL J2212.5+0703. These two radio sources (BZQ J2212+0646/CRATES J221251+064604 and CRATES J221408+071128), are located at angular distances of approximately 0.3 • and 0.4 • away from 3FGL J2212.5+0703, respectively, and each have radio fluxes of a few hundred mJy, measured at several frequencies.
To explore the possibility that either of these BZCAT and/or CRATES sources might be responsible for the apparent extension observed from 3FGL J2212.5+0703, we re-performed the fit of the region, considering various pairs of point-source locations. In order to limit the number of new degrees-of-freedom being introduced, we adopt a power-law form for the gamma-ray spectrum from these radio sources; a well-motivated choice given the spectra observed from AGN.
The best fit found in this exercise was for a point source at the location of BZQ J2212+0646/CRATES J221251+064604 and a second point source at or near the location of 3FGL J2212.5+0703 (the inclusion of a gamma-ray source at the location of CRATES J221408+071128 did not significantly improve the fit). If we fix the location of 3FGL J2212.5+0703 to its best-fit position as given in the 3FGL catalog, the addition of a gammaray point source at the location of this BZCAT/CRATES source improves the fit (over a single point source) at the level of 2∆ ln L = 26.4, at the expense of introducing two new degreesof-freedom (normalization and spectral index of the additional source). If we further allow the location of 3FGL J2212.5+0703 to float in the fit, the improvement is 2∆ ln L = 33.0. Including the fact that this fit includes one more degree-of-freedom than in the case of a single elliptical extended source (for which we found 2∆ ln L = 32.4), we find that these two hypotheses are approximately equally supported by the data. Thus at this time, we cannot discriminate between these two possible interpretations for 3FGL J2212.5+0703.
The Implications of 3FGL J2212.5+0703 as a Dark Matter Subhalo
In this section, we will assume that 3FGL J2212.5+0703 is in fact a subhalo of annihilating dark matter particles and consider what this observation implies about this particular subhalo, and about the nature of dark matter itself.
We begin by considering the spectrum of the gamma-ray emission observed from this source, which we plot in Fig. 4 . For the case of dark matter annihilating to bb, masses in the range of 18.4-32.7 GeV provide a good fit at the 2σ (2∆ ln L = 4) level. For dark matter that annihilates into light quarks (gauge/Higgs bosons), lower (higher) masses can also provide a good fit to the measured spectrum. We also note that the spectrum of 3FGL J2212.5+0703 is similar to that of the Galactic Center excess [1] [2] [3] 75] .
Numerical simulations including Aquarius [64] and Via Lactea II [76] have each identified expansive populations of subhalos residing within the halos of Milky Way-like galaxies. Aquarius, for example, resolves their subhalo population down to masses of 3.24×10 4 M [64] . We can use the results of such simulations (extrapolated to include sub-resolution subhalos) to estimate how many dark matter subhalos should be detectable as gamma-ray sources by Fermi, as a function of the dark matter particle's mass and annihilation cross section.
Following the approach described in Ref. [34] , updated to implement the mass-concentration relationship of Ref. [68] , we calculate the number of subhalos predicted to be detectable by Fermi. For a 34 GeV dark matter particle annihilating to bb, for example, we predict the following number of high-latitude (|b| > 20 • ) subhalos that generate a gamma-ray flux (> 1 GeV) greater than F threshold :
Although there exist non-negligible uncertainties regarding the distribution of subhalo concentrations, and the degree to which their outer mass is tidally stripped, reasonable variations in these parameters change the predicted number of detectable subhalos by only a factor of a few or less, and we consider our estimate to represent a reasonable prediction (the authors of Ref. [42] , for example, arrive at a number of observable subhalos that is a factor of a few lower than our estimate). For an annihilation cross section near the upper limit derived from the observations of dwarf spheroidal galaxies [19, 20] , we expect Fermi to detect roughly one subhalo with F threshold > 10 −9 cm −2 s −1 , and perhaps as many as ∼10 with F threshold > 10 −10 cm −2 s −1 . If 3FGL J2212.5+0703 is in fact a dark matter subhalo (and none of the other 11 subhalos candidates are), it would suggest an annihilation cross section of σv ∼ (0.12 − 2.5) × 10 −26 cm 3 /s (90% CL, statistical uncertainties only). Of course, other candidate sources could also be dark matter subhalos. In particular, several of the subhalo candidates listed in Table 2 exhibit spectral shapes that are compatible with that observed from 3FGL J2212.5+0703 (and from the Galactic Center excess). If any of these sources are in fact subhalos, it would increase our estimate for the dark matter's annihilation cross section.
The gamma-ray flux and angular extent of 3FGL J2212.5+0703 can be used to constrain the mass and distance of the corresponding dark matter subhalo. In the left frame of Fig. 5 , we plot the mass of a subhalo (prior to tidal stripping) that produces the gamma-ray flux of 3FGL J2212.5+0703, as a function of distance. Here, we have assumed a dark matter mass of 34 GeV and an annihilation cross section of σv = 2 × 10 −26 cm 3 /s to bb. 6 From the flux alone, one cannot disentangle the mass of a subhalo from its proximity. From the information contained in this plot, 3FGL J2212.5+0703 could equally well be a very large subhalo (perhaps even an ultra-faint dwarf galaxy) located at a distance of ∼10 kpc, or a solar mass clump of dark matter located within a parsec or so of the Solar System. 7 6 The left frame of Fig. 5 Figure 5 . Left frame: The mass (prior to tidal stripping) as a function of the distance to a subhalo that produces a gamma-ray flux equal to that observed from 3FGL J2212.5+0703. Right frame: The angular extension, σ, of the gamma-ray signal from a subhalo that produces a gamma-ray flux equal to that observed from 3FGL J2212.5+0703, as a function of the distance to the subhalo. In each frame, the blue bands reflect a range of values for the subhalo's concentration and mass loss due to tidal stripping (see text for details). Here, we have assumed a dark matter mass of 34 GeV and an annihilation cross section of σv = 2 × 10 −26 cm 3 /s to bb.
Although one might imagine that the angular extension of a subhalo could be used to constrain its characteristics, there is an approximate degeneracy between size and distance that makes this measurement only mildly informative. In the right frame of Fig. 5 , we plot the angular extension predicted for a subhalo with the same flux as 3FGL J2212.5+0703 as a function of distance, again assuming a dark matter mass of 34 GeV and an annihilation cross section of σv = 2 × 10 −26 cm 3 /s to bb. In each frame of Fig. 5 , the blue regions reflect the results for a range of concentration and tidal stripping assumptions. For both the inner dark blue and outer light blue bands, we have allowed the degree of tidal stripping to vary between 90% and 99.5%. The inner blue (outer blue) bands allow for variations in the subhalo's concentration by within a factor of 1.7 (2.9) around the central values presented in Ref. [68] . Although this plot illustrates a trend in favor of less extension for more distant (and more massive) subhalos, for the degree of extension observed from 3FGL J2212.5+0703 (σ ≈ 0.25 • ), it is not possible to meaningfully constrain its distance.
Even if the flux and angular extent of 3FGL J2212.5+0703 cannot definitely determine the mass of or distance to any corresponding dark matter subhalo, we can use the subhalo population found in numerical simulations to make probabilistic statements regarding its characteristics. In Ref. [34] , it was found that the differential number of subhalos detectable by Fermi is described by the following:
where M is the subhalo mass. From this expression, we find that half of all observable subhalos will have a mass within a factor of 60 of the maximum mass (where the maximum subhalo mass is that corresponding to the boundary between baryon-free subhalos and star-(SDSS). If this object is a very massive subhalo hosting an ultra-faint dwarf galaxy, the stellar population might be identifiable from within this dataset. Although no evidence for a such a population has been found thus far [77, 78] , further investigation focusing on the direction of 3FGL J2212.5+0703 would be well motivated.
forming dwarf galaxies, on the order of M max ∼ 10 9 − 10 10 M , prior to tidal stripping).
Furthermore, approximately 90% of all detectable subhalos are predicted to be within a factor of 10 6 of the maximum mass. This exercise suggests that, if 3FGL J2212.5+0703 is a dark matter subhalo, then it is likely to have a mass of roughly ∼ 10 3 − 10 10 M (corresponding to ∼ 10 1 − 10 8 M after tidal stripping), and reside at a distance between ∼ 10 pc and 10 kpc from the Solar System.
Discussion and Summary
In this paper, we have studied the spectrum and morphology of the emission from the unassociated gamma-ray source 3FGL J2212.5+0703, which we had previously identified as being apparently spatially extended. Spatial extension is a feature expected of nearby dark matter subhalos, but not of most other classes of astrophysical gamma-ray sources. Moreover, as astrophysical sources that are capable of generating spatially extended gamma-ray emission are also invariably bright at other wavelengths, the detection of a gamma-ray source that was both unambiguously spatially extended and lacking in multi-wavelength counterparts would constitute a smoking gun for annihilating dark matter. After studying the gamma-ray emission from a collection of 12 subhalo candidates, we have identified significant evidence of spatial extension for the source 3FGL J2212.5+0703. We find that the data prefers the morphology of a spherical (elliptical) dark matter subhalo with a tidally truncated Navarro-Frenk-White profile over that of a point source at the level of 4.7σ (5.1σ ).
An alternative explanation for the extension of 3FGL J2212.5+0703 is that it may be two or more gamma-ray sources located very nearby each other on the sky. In such a scenario, multiple sources could potentially be misidentified as a single extended source. Although we find that it is somewhat unlikely that a pair of bright, unassociated, high-latitude gamma-ray sources would lie this close to one another (corresponding to a probability of approximately two percent), this appears to be the least unlikely non-dark matter explanation for the observed morphology of 3FGL J2212.5+0703. In particular, we find that the inclusion of an additional gamma-ray point source in the fit, at the location of a known radio source, can accommodate the data approximately as well as a model with a single extended source. The current dataset is thus unable to distinguish between 3FGL J2212.5+0703 being a single extended source, or a pair of nearby point sources.
If 3FGL J2112.5+0703 is a dark matter subhalo, it would imply a dark matter mass of 18.4-32.7 GeV and an annihilation cross section of σv ∼ 10 −26 cm 3 /s (for the representative case of annihilations to bb). Although the information available does not allow us to the determine the mass of or distance to this subhalo, simulations suggest that the first gammaray detected subhalos are likely to have masses in the range of ∼ 10 M to 10 8 M . Thus 3FGL J2212.5+0703 could plausibly be a dark matter subhalo on the scale of an ultra-faint dwarf galaxy located at a distance of ∼10 kpc, or a much smaller clump of dark matter residing within a few tens of parsecs of the Solar System.
Within the 3FGL catalog, there are 12 bright (F γ > 10 −9 cm −2 s −1 ) sources located at high galactic latitudes (|b| > 20 • ) without known multi-wavelength associations. Most of these sources exhibit a spectral shape that is similar to that observed from 3FGL J2212.5+0703 (and the Galactic Center gamma-ray excess [1] [2] [3] ). We consider this short list of sources to be particularly promising dark matter subhalo candidates, worthy of further study and observation.
Although the results of this paper are consistent with an interpretation of 3FGL J2212.5+0703 as a dark matter subhalo, we emphasize that we cannot exclude the possibility that multiple nearby sources may instead be responsible for the apparent extension of this emission. With this ambiguity in mind, we implore the broader observational community to assist in clarifying the nature of this source (and of the other prospective dark matter subhalo candidates described in this paper), through the continued pursuit of deep and high-resolution multi-wavelength observations.
